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First principle, tight binding, and semi-empirical embedded atom calculations are used
to investigate a tetragonal phase transformation in gold nanowires. As wire diameter is

decreased, tight binding and modified embedded atom simulations predict a surface-
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stress-induced phase transformation from a face-centered-cubic (fcc) (100) nanowire into
a body-centered-tetragonal (bct) nanowire. In bulk gold, all theoretical approaches pre-
dict a local energy minimum at the bct phase, but tight binding and first principle
calculations predict elastic instability of the bulk bct phase. The predicted existence of the
stable bct phase in the nanowires is thus attributed to constraint from surface stresses.
The results demonstrate that surface stresses are theoretically capable of inducing phase

transformation and subsequent phase stability in nanometer scale metallic wires under

appropriate conditions. [DOI: 10.1115/1.1924558]
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1 Introduction

Gold (Au) nanowires have potential application in nanotechnol-
ogy due to their relative ease of fabrication [1,2], stability at small
scales [3—13], capacity for biomolecule functionalization [14—17],
and high conductivity. Recent studies have demonstrated that low-
dimension Au materials can exist in non-face centered cubic (fcc)
structures. When thinned below a critical size, (110) Au nanowires
have been observed to transform into a helical multi-shell struc-
ture [10]. Small (100) Au nanowires are predicted to undergo an
fce to body centered cubic (bet) phase transformation [18]. Atoms
in single chain Au nanowires have different spacing than atoms
along close-packed directions in bulk Au [12]. The formation of
non-fee crystal structures in Au nanowires is driven by surface
stresses and the tendency to minimize surface energy. In order to
fully exploit Au nanowires in emerging nanosystems, it is critical
to understand their unique structures from a fundamental perspec-
tive. In addition, the study of phase stability and transformation in
nanometer scale solids has broad implications. From a basic sci-
ence point of view, the study of phase changes in nanometer scale
materials provides fundamental information on solid-state trans-
formations not easily ascertained in bulk solids [19,20]. From an
application standpoint, control of metastable phases in nanometer
scale materials may provide a means for small-scale actuation,
analogous to martensitic transformations observed in nanoscale
biological systems [21,22].

Nanometer scale solids possess unique properties due in part to
their large ratio of surface area to volume. Free surfaces in solids
give rise to surface energy and surface stress. Surface stresses,
which are typically tensile in metals, cause contraction of surface
atoms relative to bulk atoms, resulting in “intrinsic” compressive
stresses within materials. Intrinsic stresses are defined as stresses
existing in a material in the absence of external applied load.
Although free surfaces exist in macroscopic materials, surface-
stress-induced intrinsic compressive stresses are significant only
in materials with nanometer scale dimensions. The surface-stress-
induced intrinsic compressive stress state depends on sample ge-
ometry. Figure 1 is a schematic illustrating the effect of tensile
surface stress on the development of intrinsic compressive stresses
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in the core of freestanding nanometer scale materials. The core of
a nanometer scale solid is defined as the remainder of the material
excluding the first few atomic surface layers. A nanofilm is de-
fined by one dimension being nanometer scale, a boundary con-
dition that creates intrinsic in-plane biaxial compression in the
film core. Nanowires possess nanometer scales in two dimensions,
and a resulting intrinsic stress state of triaxial compression in the
wire core. Nanoparticles have nanometer scales in all three dimen-
sions, and thus an intrinsic stress state of hydrostatic compression
in the particle core. The intrinsic stress states depicted in Fig. 1
are ideal, since cross-sectional shape and exposed surface orien-
tation can alter the resulting stress state. The magnitude of the
intrinsic stresses in nanometer scale materials increases with de-
creasing sample size in the nanometer scale dimension. Moreover,
the intrinsic stresses in nanofilms or nanoparticles can be propor-
tionately modified by experimental methods: forced epitaxial
growth for nanofilms [23,24] and application of hydrostatic pres-
sure for nanoparticles [19,20]. On the other hand, the unique tri-
axial stress state in nanowires (hydrostatic pressure plus uniaxial
compression) is more difficult to uniformly adjust.

The intrinsic stresses in nanowires can result in a tetragonal
crystal lattice distortion [23-27], which can drive the formation of
a bet lattice from a host fcc lattice. Theoretical predictions have
revealed a local minimum energy bct phase formed by tetragonal
distortion of the fcc lattice [23,27]. However, the predicted bet
structure is typically elastically unstable with respect to shear
[23,27], thus requiring stabilization by “external” forces. In this
sense, the bct structure is not a classical metastable phase, as
defined for bulk materials. Although prior work has considered
stabilization of the bct structure by epitaxial film growth [23,24],
it may be possible to stabilize an elastically unstable phase in a
freestanding material by surface stresses [18]. The objective of the
present paper is to explore the stability of tetragonal states in
freestanding fcc Au nanowires using various theoretical ap-
proaches. The present work provides a stronger theoretical foun-
dation for initial semi-empirical atomistic predictions of the fcc to
bet phase transformation in Au nanowires [18].

2 Simulation Methods

Simulations were performed using the embedded atom method
(EAM) [28], the modified embedded atom method (MEAM) [29],
the tight binding (TB) [30] method, and density functional theory
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Fig. 1 Schematic of three different freestanding nanometer
scale materials. Tensile surface stresses result in unique intrin-
sic compressive stress states in the material cores. The nano-
film experiences an in-plane biaxial stress, the nanowire expe-
riences a triaxial stress state, with a larger component along
the wire axis, and the nanoparticle experiences a hydrostatic
stress state.

(DFT) using the Vienna ab initio simulation package (VASP) [31].
Complete details regarding the various methods are found in re-
spective Refs. [28-31]. Briefly, EAM and MEAM are semi-
empirical approaches that use a pair-potential term and an embed-
ding energy term to implicitly capture some electronic structure
effects. The EAM potentials are parametrized to the sublimation
energy, equilibrium fcc lattice constant, elastic constants, and va-
cancy formation energy [28], while the MEAM potentials are fit to
the sublimation energy, equilibrium fcc lattice constant, elastic
constants, vacancy formation energy, and two structural energy
differences relative to fec (bec and hep) [29]. In addition, the
electron density in the EAM potential is given by the superposi-
tion of spherically averaged atomic electron density, while
MEAM potential use angularly dependence electron density to
account for the angular dependence of bonding. The TB method
bases energy calculations on a set of reduced electronic degrees of
freedom. The free TB parameters are fit to band structure and total
energies, typically of the bulk fcc and bec phases, determined
from first principles calculations [30]. Compared to EAM and
MEAM, the TB method typically offers improved predictive ca-
pacity at the expense of maximum atomic domain size. The DFT
method we employ involves a pseudopotential, and the local den-
sity approximation, and results in the precise evaluation of the
electronic ground state of atomic systems at finite temperature
[31]. The local density approximation typically overestimates co-
hesive energies, but provides a good description of energy differ-
ences based on first principles. We implement our DFT calcula-
tions with the VASP code [31] using ultrasoft pseudopotentials.
Simulation predictions are also compared to existing first-
principle calculations when possible. MEAM simulations were
performed on a nonperiodic wire with a 32 nm length, TB simu-
lations were performed on a periodic wire in the length direction
with two atomic layers, and first principle calculations were per-
formed with full periodicity (simulating the bulk). We note that
wire length and periodicity can influence the wire transformation,
however, this effect is not examined here.

3 Results and Discussion

Calculated surface stresses, fj;, for Au are presented in Table 1.
Simulations were performed on atomic slabs using published tech-
niques [32,33]. Previous DFT [34-37] results are included for
reference. In solids, surface stress is not equivalent to surface
energy, 7y, but is defined as the strain derivative of the surface
energy:

fij =AY de;JIA=y5;+ dyldey, i,j=1,2 (1)

where A is the surface area, y is the surface energy, and g;; is the
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Table 1 Surface stresses in fcc gold for various surface orien-
tations and in-plane directions. Calculations were performed
using methods defined in the main text.

Surface | Direction Surface Stress, f, (J/m’)
® 0 EAM | MEAM | TB DFT™
{100} Isotropic 1.57 1.03 3.64 | 4.57% 4.60%
{111} Isotropic | 1.76 1.47 482 | 2.77%,2.56"
<100> 0.89 037 2.42 -
{0113 =
<011> 1.54 1.12 4.09 -

elastic strain in the plane of the surface. In liquids, the surface
energy is equal to the surface stress in magnitude, since atoms are
free to migrate to and from the surface and mitigate changes in the
surface energy with strain (e.g., the second term in Eq. (1) is
zero). The surface stress is a second-rank tensor with four com-
ponents and units of force per unit length. The surface stress is
isotropic for {100} and {111} surfaces and anisotropic on the {110}
surface (Table 1). The EAM and MEAM predictions underesti-
mate the surface stress magnitude relative to DFT, while the
EAM, MEAM, and TB predictions demonstrate reverse ordering
of surface stress for {111} and {100} surfaces, relative to DFT. In
contrast to predictions from other methods, MEAM predicts a
negative (compressive) surface stress in the (100) direction for a
{110} surface. The relative surface stress magnitudes in Table 1
are important since they control the driving force for a stress-
induced phase transformation in a nanowire.

The surface stresses in Table 1 quantify the driving force for a
possible surface stress-induced phase transformation in nano-
wires. However, to achieve an fcc to bet transformation, the in-
trinsic stress state in the wire (Fig. 1) must coincide with the Bain
path for the transformation. This coordination occurs when the
wire axis is (100). The exposed side surfaces are determined by
wire cross-section shape and relative rotation around the wire axis
with respect to the base cubic system. For a square cross-section,
no rotation would yield [010] and [001] side surfaces, while a 45°
rotation would provide [011] and [0-11] surfaces. The significance
of the negative surface stress predicted by MEAM, in the (100)
direction on the {110} surface, is now apparent. A wire with a
[100] axis and [010], [001] side surface experiences the stress
state depicted in Fig. 1, for all calculation methods in Table 1.
This stress state leads to net compression along the wire axis,
driving wire contraction along the Bain path. A wire with a [100]
axis and [011] and [0-11] side surfaces also experiences the stress
state depicted in Fig. 1 when constrained by surface stresses pre-
dicted by EAM and TB. On the other hand, the negative surface
stress value in MEAM causes expansion of a (100) wire (with
(110) side surfaces) along the Bain path, resulting in a stress state
differing from triaxial compression. The predicted expansion is in
the opposite direction as required for an fcc to bet transformation,
as will be demonstrated in bulk Au simulations. In the present
work, the simulated nanowires only have {100} side surfaces, and
for the {100} surfaces, all methods predict positive surface
stresses, and TB and DFT predict comparable surface stress mag-
nitudes (Table 1).

Figure 2 is a plot of energy as a function of lattice spacing for
bulk (periodic) Au deformed along a (100) orientation. The energy
values in Fig. 2 are provided with respect to the predicted energies
of the unstrained fcc structure using respective methods. The
agreement between the various calculation methods is reasonable.
All predictions show a global minimum at the fcc structure and a
local minimum at a bet structure caused by compression of the fcc
lattice. The lattice parameters and the cohesive energies of the
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Fig.2 Energy as a function of lattice spacing for various simu-
lation methods. The curves were generated by displacement-
controlled expansion and contraction of bulk periodic Au along
the [100] fcc axis. The [010] and [001] axes were allowed to
adjust freely. Energy minimums exist for fcc and bct phases.

predicted bet structures are listed in Table 2. The EAM potentials
did not predict a low energy bct phase, while the MEAM potential
predicts two low energy bet phases [18], evident from the two
energy wells left of the fcc well (Fig. 2). MEAM also predicts the
lowest energy barrier to formation of the bct phase compared to
TB and DFT. All three methods produce somewhat wavy curves
during the energy peak in the range of c=3.5 to 3.0 A. The pre-
diction of the second bct phase by MEAM (Table 2) is noteworthy
since the potentials were not fit to a bct structure and MEAM only
implicitly accounts for electronic degrees of freedom in calcula-
tions. Based on the results in Fig. 2, the bct phase can be induced
by compression of a fcc lattice along the (100) axis. The stress
state in the (100) nanowires is thus capable of facilitating the fcc
to bct transformation since it consists of uniaxial compression
with superimposed hydrostatic stress (Fig. 1). For all methods, the
uniaxial intrinsic stress required to induce the phase change from
fce to bet is on the order of 4 GPa, a value attainable in nanometer
scale wires given the surface stress magnitudes in Table 1.
Although the various theoretical formulations predict the same

energy minimum for the bet phase in bulk Au, and surface stresses
can generate the stresses required to induce this phase, it is nec-
essary to examine the elastic stability of the bulk bct phase. Table
3 summarizes the elastic constants of the bulk bet phase predicted
by the various calculation methods. A tetragonal structure is elas-
tically unstable if the shear constant (C;;—C;,)/2 is less than zero
[23,27]. From Table 3, MEAM predicts that the bet phase is elas-
tically stable while TB and DFT predict elastic instability in the
bet phase. The elastic stability predicted by MEAM implies a
metastable bulk bct phase, while the bulk bct phase in DFT and
TB simulations is classically unstable.

Molecular static and dynamic simulations were performed on
nanowires with TB, EAM, and MEAM methods. Nanowire simu-
lations using the various methods all confirm that a (100) wire,
with {100} side surfaces, experiences intrinsic compression along
its (100) axis as depicted in Fig. 1. The magnitude of intrinsic
compressive stress in a nanowire depends on the simulation
model, the exposed side surface orientations, and scales propor-
tionately with f/d, where f is the surface stress magnitude and d is
the wire diameter. As wire diameter is decreased, the increasing
intrinsic compressive stress drives increased elastic contraction of
nanowires (with respect to a bulk fcc lattice) upon static energy
minimization (relaxation). Below a critical wire size, both TB and
MEAM simulations predict that an fce (100) Au nanowire will
transform into a bct Au nanowire. The EAM simulations predict
that small (100) wires will not transform into a bct structure, but
rather reorient through slip into a low energy fcc (110) nanowire
[38]. MEAM simulations also predict reorientation of a (100) wire
into a (110) wire above the critical wire size, where the transfor-
mation to the final bct structure is less energetically favorable
[38].

Figure 3 presents a three-dimensional view of (a) an original
(100) fcc wire and (b) the minimum energy (100) bct wire pre-
dicted by TB. The wire contracts approximately 30% in the length
direction and expands in the transverse direction, consistent with
MEAM predictions [18]. Figure 4 presents the relaxed atomic
positions for transformed bct wires calculated using (a) TB and
() MEAM. The wires in Fig. 4 began as 1.63 by 1.63 nm (100)
fcc wires, which were relaxed to a minimum energy state by the
conjugate gradient method. The cross section of the wire shown in
Fig. 4(a) is from the wire shown in Fig. 3(b). In Fig. 4, two
adjacent (100) planes are shown, and the dashed box highlights
the bet lattice, which differs only slightly between the two meth-
ods. The lattice parameters of the nanowire bct phases predicted

Table 2 Lattice parameters and cohesive energy for the Au bct phase. Calculations were
performed using methods defined in the main text.

Parameter EAM MEAM TB DFT DFT”
a (Angstroms) 3.404 3.466 3.423 -
¢ (Angstroms) 2.856 2.810 2.859 --

c/a Unstable 0.839 0.811 0.835 0.852

Epet - Egec (€V) 0.006 0.019 0.018 0.021
Eou (€V) 3.924 -3.848 4375 -

Table 3 Elastic constants for the Au bct phase. Calculations were performed using methods

defined in the main text.

Elastic Elastic Constant Value (GPa)
Constant Term MEAM TB DFT”

Cy; 1515 181.3 -
Cn 131.0 187.1 -
Cis 145.1 190.7 -
Css 243.6 244.5 -
Cyy 6.2 49.9 -
Ces 15.2 81.2 177

C =(Ci-Cip)2 103 2.9 -40
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(b)

Fig. 3 Three-dimensional image of a nanowire (a) before (fcc)
and (b) after (bct) transformation predicted by static TB energy
minimization simulations

by both methods are consistent with the bulk bct phase predictions
in Table 2, with relative expansion in “a” and contraction in “c”
due to surface stresses in the bet wire. The {100} side surfaces of
the original fcc wire are now (110) bet surfaces. Aside from slight
differences in the atomic positions near the edges and free sur-
faces, the bct nanowire structure predicted by TB and MEAM in
Fig. 4 are basically identical.

The TB and DFT simulations both predict that the bct phase
observed in the nanowire (Fig. 4) is unstable in the bulk with
respect to shear. Consequently, the low temperature stability of the
bet phase in the nanowires simulated by TB is caused by the
surface stresses in the new bct nanowire. Simulated annealing of
the nanowires in a molecular dynamics framework was performed
using TB and MEAM. The MEAM wire retained its precise struc-
ture during simulated annealing. The TB wire maintained a bct
structure, although the surfaces became irregular. We also note
that the small periodic length (two atomic layers) in the TB simu-
lation is restrictive since it may prevent dislocation nucleation,
which may preclude the transformation. Further work is needed to
examine the effects of temperature and possible dislocation activ-
ity on nanowire transformation and stability. The intrinsic stresses
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Fig. 4 Cross-section view of two parallel atomic planes from a
bct nanowire predicted by (a) TB simulations and (b) MEAM
simulations. Both wires began as (100) fcc wires with a size of
1.63 by 1.63 nm and were relaxed to the lower energy bct state.
The orientation of the bet wire is [100] with [011] and [0-11] side
surfaces.

induced by the surface stresses act in a manner analogous to epi-
taxial mismatch strains in thin film growth, since they stabilize a
phase that would not be observed in the bulk [23,24]. The stabi-
lizing mechanism in the epitaxial films is due to the fixed strain
constraint from the substrate, not due to surface stresses, although
the epitaxial strain constraint does cause intrinsic stress in the
film.

The phase transformation occurs when the work from the in-
trinsic compressive stress in the wire is large enough to overcome
the barrier to the formation of the higher energy bct phase. Since
the intrinsic compressive stress in the wire increases with a de-
crease in wire diameter, a critical wire diameter exits for the
stress-induced phase transformation. The predicted critical wire
size is a function of the transformation driving force (the surface
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stress magnitude Table 1) and the resistance to the transformation
(the work required to overcome the energy barrier to form the bct
phase in Fig. 2). The TB, DFT, and MEAM calculations all pre-
dict a similar critical stress to the formation of the bct phase,
approximately 4 GPa, calculated by the maximum slope of the
energy curve left of the fcc well in Fig. 2 (leftmost well for
MEAM). From the fcc state, the surface-stress-induced driving
force for the transformation is higher in TB and DFT calculations
(Table 1). However, the MEAM simulations predict an intermedi-
ate bct phase with higher surface stresses and consequently a
larger driving force for the transformation. Under the assumption
of pure compressive loading, the critical wire size, d, for trans-
formation is given as

dcrit = 4f/a-crit (2)

where f is the surface stress magnitude, and o is the critical
stress required for the fcc to bet transformation. For the TB simu-
lations, f=3.64J/m?> and o.=4 GPa, resulting in d,4
=3.64 nm. The wire simulated in Figs. 3 and 4 had an original
size of d=1.63, below the d; value. Larger wire sizes were not
examined due to limitations in the maximum system size with TB.
We note that the superimposed hydrostatic stress on the nanowires
(Fig. 1) inhibits the transformation since it restricts lateral expan-
sion, effectively decreasing the critical wire diameter necessary to
achieve the transformation. However, the transformation ulti-
mately occurs due to the proportionately large compressive com-
ponent in the triaxial stress state. The method for calculating the
critical wire size for the MEAM simulations is the same except it
is necessary to use parameters for both bct phase transformations.
Prior MEAM work [18,32] has shown a smaller critical wire di-
ameter (2.56 nm) owing to the smaller surface stresses predicted
by MEAM relative to TB. Based on the present TB and first-
principles simulations, the intermediate bct phase transformation
predicted by MEAM is artificial.

4 Conclusions

In summary, surface stresses in fcc Au nanowires can lead to
tetragonal distortions and a theoretical stress-induced fcc to bet
phase transformation. The results demonstrate that the surface-
stress-induced intrinsic stresses in nanowires can result in phase
stability analogous to that caused by epitaxial growth of nanom-
eter scale thin films. More accurate TB and first-principles calcu-
lations confirm the existence the phase transformation and the
final bet structure predicted using semi-empirical MEAM simula-
tions [18]. However, TB and first-principle calculations predict a
larger surface-stress-induced transformation driving force and no
intermediate bct phase, relative to MEAM predictions. To achieve
the transformation, the surface-stress-induced triaxial stress in the
wire core must coincide with a Bain path for the fcc to bct trans-
formation, which occurs for (100) nanowires. Further work is
needed to examine nanowire stability as a function of temperature.
From an experimental perspective, the phase transformation will
not be observed in wires produced by “bottom-up” fabrication
methods [1,2], since these wires typically grow in low-energy fcc
configurations with (110) orientations. However, material removal
approaches in “top-down” nanowire fabrication methods [6,10],
can potentially be used to explore fcc wires with (100) initial
orientations and the theoretical fcc to bet transformation.
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